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Southern pine (SP) lumber is the primary softwood material in the United States.
The main procedure during lumber grading process is the identification of the strength
reducing characteristics that impacts the modulus of rupture (MOR). Non-destructive
evaluation technology can be used to identify higher-stiffness material. This study
investigated the use of vibration methods to evaluate the mechanical properties of
southern pine lumber. Significant correlations between the properties determined by nondestructive techniques and the static MOE were found. No strong correlations were found
for MOR because it is related to the ultimate strength of material, often associated with
the existence of localized defects, such as a knot. Non-destructive measurements, visual
characteristics, and lumber density were used as independent variables. Linear models
were constructed to indirectly estimate the MOE and MOR. The variables selected was
dynamic modulus of elasticity (dMOE) to predict MOE. Adding density and knot
diameter ratio to the model it was possible to develop a prediction model for MOR. It
was possible to improve predictability of strength (MOR) with a combination of nondestructive and knot evaluation.
Keywords: vibration, knots, strength, stiffness.
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CHAPTER I
INTRODUCTION
To stay within desirable design limits, the use of lumber in structures requires
knowledge of the strength and stiffness properties of the lumber by controlling defects.
Visual grading of structural lumber is the oldest and still the most used method for
prediction of mechanical properties of wood in US.
Due to a variety of factors, visual assessments do not result in the strongest
predictors of the strength properties of structural lumber. For example, the correlation
between knot size and strength varies with species and depends on knot location relative
to the load applied and to the way in which the effect on strength is evaluated.
Nondestructive techniques are employed to assist in predicting the strength properties of
structural lumber. Nondestructive techniques improve the prediction of the strength
properties of structural lumber.
This chapter reviewed the extensive literature and test data that exists for
structural lumber from across the southern United States. This information can be used
as a guide to develop suggestions for improvements in the prediction of strength and
stiffness properties of southern pine lumber using both visual and non-destructive
parameters in future researches. The primary focus of the work were to investigate ways
to utilize non-destructive test characteristics to improve the efficiency of the current
mechanical grading system.
1

1.1

Mechanical properties of wood
An accurate knowledge of the mechanical properties of structural lumber is

necessary for the proper and efficient use of the lumber. Different than the other
construction materials, wood is produced by a living tree and, as a result, is highly
variable due to the environment, genetics and growth conditions (Panshin and de Zeeuw
1980).
1.1.1

Dimensional lumber
Dimensional lumber is used for structural members and acceptable mechanical

properties are required. The lumber comes from the breakdown of a log, and, because of
its variability in mechanical properties, there are challenges in using structural graded
lumber.
A simple and inexpensive solution to minimize the variability of the material is to
sort pieces with similar mechanical properties into categories called stress grades. These
categories can be characterized by one or more visual or mechanical sorting criteria, a set
of properties for engineering design, or a unique grade name (Kretschmann 2010).
1.1.2

Southern pine
Southern pine species are the most important softwood for lumber production in

the U.S. The southeastern region is considered a very productive forested area and the
lumber production can be traced back over 150 years. Around 60% of the wood used in
the United States and 15% of the wood consumed globally is produced in this region
(Wear and Greis 2002; McKeand et al. 2003). Southern pine is used for residential
construction because it has good mechanical properties, dries fast and is easily treated.
2

Southern pine wood products make a significant contribution to economic values of the
region (AWC 2012; Coyle et al. 2015).
Doyle and Markwardt (1966) presented the results of an extensive research
program designed to establish the strength and related properties of southern pine
dimension lumber in relation to structural grading. The specific gravity and modulus of
rupture were found to be equal to previews reported values for shortleaf and loblolly
pine. In flexure, only 5.1 percent of the total lumber sample was below the presently
assigned bending stress levels, which is very close to the 5 percent exclusion limit
associated with structural grading. The In-grade testing program was another major
testing program to determine design values for southern pine lumber (Green et al. 1989).
Advances in structural design methods and industry concern over product liability
has brought focus on the performance of the traditional visual grading system. The
USDA Forest Service, Forest Products Laboratory (FPL) has worked cooperatively with
the American Lumber Standards Committee (ALSC) for many years to assess and
monitor published design values for Southern Pine lumber products. Recently,
monitoring and research results indicated that a reduction of the Southern Pine design
values was warranted and, consequently, adoption of a monitoring program to determine
the accuracy of design values of remaining structural lumber (SFPA, 2013).
1.2

Lumber grading systems

1.2.1 Visual grading
Visual assessment of structural lumber is the most widely used method for
grading structural lumber in the United States. Visual assessments are founded on the
following: 1. A knowledge of the clear wood physical and mechanical properties of a
3

species, or combination of species; 2. Estimates of the effects various characteristics (tree
growth related—knots, the presence of juvenile or reaction wood, density; manufacturing
related—splits, checks wane and slope of grain) have on mechanical properties.
According to ASTM D245-06 (2011), visual grading "is accomplished from an
examination of all four faces and the ends of the piece, in which the location as well as
the size and nature of the knots and other features appearing on the surfaces are
evaluated over the entire length".
The visual grading system currently utilized in the U.S. has evolved through the
combined effort of universities, government agencies, trade associations and producers.
It currently serves a vital role in assuring safety in the design of wood structures. For
dimension lumber grading is controlled by uniform criteria described in the National
Grading Rule which is produced under the National Grading Rule Committee as outlined
in the American Softwood Lumber Standard (DOC 2015).
Direct application of these visual grading methods, however, without adequate
verification of their accuracy by the testing of full-sized, graded, specimens has been
under question for some years. Effects of density and, in particular, knot type and size on
the strength of full-sized specimens are therefore of significance in the resolution of these
arguments (Grant et al. 1984).
1.2.2

Machine grading
Machine grading systems, including Machine Stress Rating (MSR) and Machine

Evaluated Lumber (MEL) technologies, are also in use in the U.S. and abroad. A range
of nondestructive testing techniques form the foundation for machine grading
technologies. Flatwise bending, transverse vibration, and acoustic nondestructive testing
4

techniques are the foundation for many of the commercially available machine grading
technologies (Ross 2015). Machine grading systems rely on statistical relationships
between a nondestructive parameter, such as frequency of vibration, and static
mechanical properties.
Hoyle (1968) summarized early research efforts from a variety of laboratories that
resulted in the technology that is referred to as Machine Stress Rating (MSR). He
presented results from several studies specifically designed to examine the relationship
between the modulus of elasticity (measured in a flat wise orientation, utilizing a center
span dead load) and the corresponding strength of softwood structural lumber.
Additional work was performed in the late 90’s to establish an additional product
Machine Evaluated lumber. Both products utilize nondestructive testing of wood as their
core element for structural property evaluation.
1.3

Nondestructive testing
Ross (2015) defines non-destructive assessment as a way to evaluate physical and

mechanical properties of a piece of material without changing its characteristics. The
assessment of the quality of wood materials has become a crucial issue in the operational
value chain as forestry and the wood processing industry are increasingly under economic
pressure to maximize its extracted value (Brashaw et al. 2009).
Longitudinal stress wave and transverse vibration are the most widely used
nondestructive testing techniques to evaluate the quality of wood based products. Jayne
(1959) hypothesis states the relationship between energy storage and dissipation
properties, using forced transverse vibration techniques, and the static bending properties
(Pellerin 1965). Other studies furthered the hypothesis by using stress wave techniques
5

(longitudinal oscillation) to evaluate the tensile strength of wood (Kaiserlik and Pellerin
1977; Gerhards 1982; Falk et al. 1988; Ross and Pellerin 1991).
1.3.1

Longitudinal vibration
Among the types of natural vibrations exhibited by an elastic bar, the longitudinal

vibrations are the simplest to analyze (Timoshenko et al. 1974). There are several
equipment options available in the market that uses longitudinal vibration propagation for
non-destructive evaluation. The useful variables are usually speed of sound transmission,
longitudinal vibration frequency, time of flight, and vibration attenuation.
Predicting MOE of lumber with longitudinal stress wave has received
considerable research efforts in recent years in terms of lumber grading or pre-sorting
(Wang 2013). Longitudinal vibration testing has been proven accurate when evaluating
the quality of wood products within various species. Transmission time of sound waves,
or acoustic velocity, and attenuation of induced stress waves in a material are frequently
used as NDT parameters.
Longitudinal vibration technique considers the application of one-dimension wave
theory to a homogeneous viscoelastic bar (Figure 1.1). By hitting the end of a piece, a
compression wave is generated. This wave begins moving toward the other end of the
piece as particles at a leading edge of the wave become excited, while particles at the
trailing edge come to rest.

6

Figure 1.1

Viscoelastic bar of length L subjected to an impact

It is necessary to assume that the cross section of a lumber piece remains plane
and that every particle in the cross section moves only in the longitudinal direction of the
piece. The wave moves along the piece at a constant speed and it is independent from the
intensity of the impact. Energy is dissipated as the wave travels through the piece,
therefore, although the speed remains constant, movement of the particles reduces with
each successive passing of the wave.
There have been numerous studies that have looked the correlation of longitudinal
static and dynamic bending MOE and MOR. Table 1.1 summarizes the researches related
to correlation between longitudinal vibration and static bending MOE and MOR.
Table 1.1

Summary of research on correlation between longitudinal vibration dynamic
MOE and static bending MOE for southern pine.
Reference
Gerhards (1982)
Porter et al. (1972)
Yang et al. (2015)
França et al. (2016)

Material
Knotty lumber
Clear lumber
Clear lumber
Dimension lumber
Dimension lumber
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Coefficient of
correlation
0.87
0.95
0.90-0.92
0.92
0.88

There are a number of points involving methods and procedures for determining
longitudinal waves. Longitudinal methods follow the considerations below.


An impact on one end of the specimen induces a wave to flow along the length of
the piece. The vibration is “echoed” at the opposite end of the piece.



Various types of sensors can be used to reach longitudinal vibration, including
those that measure particle displacement, particle velocity, and particle
acceleration or strain.



An impact induced to a piece is sensed by a transducer mounted on the same side
of the impact or in the opposite side of the piece.



Many transducers are sensitive to the manner they are mounted to the piece.
Sensors like accelerometers can be strongly dependent upon which direction they
receive the signal.

1.3.2

Transverse vibration
Low frequency vibration has been studied as a potential method for evaluating

wood-based products for around 50 years. It has received considerable attention in
mechanical properties prediction. Starting with Jayne (1959), many researchers were
successful in predicting stiffness and sometimes strength using transverse vibration
techniques. Ross (2015) described the fundamentals, support apparatus, excitation
system, measurement system, and lumber properties evaluation.
There have also been numerous studies that have looked the correlation of
transverse static and transverse vibration bending MOE and MOR. Table 1.2 summarizes
research on the use of transverse vibration NDT techniques.
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Table 1.2

Summary of research using free transverse vibration non-destructive
techniques and its correlation with static bending MOE and MOR for
dimension stock of various species.

Reference
Pellerin (1965)

Species
Douglas-fir

Reported
properties
MOE, MOR

Coefficient of correlation

dMOE x MOE = 0.98
dMOE x MOR = 0.67-0.93
O’Halloran (1969) Lodgepole pine
MOR, MOR
dMOE x MOE = 0.98
dMOE x MOR = 0.89
Ross et al. (1991)
Spruce-Pine-Fir
MOE
dMOE x MOE = 0.99
Wang et al. (1993) Spruce-Pine-Fir
MOE
dMOE x MOE = 0.96-0.99
Yang et al. (2015) Southern pine
MOE
dMOE x MOE = 0.95
França et al. (2016) Southern pine
MOE, MOR
dMOE x MOE = 0.88
dMOE x MOR = 0.38
dMOE: Dynamic Modulus of Elasticity; MOE: Modulus of Elasticity; MOR: Modulus of
rupture
The important considerations involving methods and procedures for determining
transverse property information are discussed in the following points:


The lumber pieces should be excited so as to produce a vertical oscillation in a
reproducible manner in the fundamental mode.



Just using hands, a manual deflection of the piece provides sufficient energy to
start a transverse vibration.



Any type of lateral components for vibration should be avoided for better vertical
direction only vibration frequency.



Devices that measure either force or displacement should be used to measure the
oscillation frequency.



Load cell located in one of the supports reach the changes in force in response to
the oscillation.



Frequency of oscillation can also be determined by measuring mid-span
displacement in relation to initial position.

9

1.4

Objectives
The overall objective of this study is to develop a multiple variable regression

model utilizing nondestructive vibrational parameters and growth related visual
characteristics to estimate flexural strength of No. 2 southern pine lumber. The study’s
specific objectives are:


Define and measure visual variables and knot ratios in lumber samples;



Test lumber using static bending tests and calculate the mechanical properties
(modulus of rupture, modulus of elasticity), and density;



Use non-destructive techniques (longitudinal and transverse vibration modes) in
order to obtain the wave transmission velocity or/and frequency measurements for
structural lumber samples;



Determine the non-destructive parameters that provide the best prediction of static
bending strength and modulus of elasticity;



Use multivariate statistical methods to delineate correlations among principal
components to identify the interdependences and relationships between all
variables.

10
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CHAPTER II
THE IN-GRADE SAMPLING SIMULATION
2.1

Materials
The sample material consisted of a total of 2049 southern yellow pine pieces

classified as No. 2. The samples were 2 x 4, 2 x 6, 2 x 8 and 2 x 10 nominal cross-section
(Table 2.1) and collected from 14 U.S. southern pine regions to explore the mechanical
properties of dimensional lumber.
Table 2.1

Summary of research on correlation between longitudinal vibration and
static bending MOE

Length (ft)
8
10
12
14
16
24
Total

2.2
2.2.1

2x4
122
152
206
50
102
632

Nominal size (inches)
2x6
2x8
87
265
145
138
203
103
136
27
620
484

2 x 10
204
109
313

Sampling
Sample objective
This sample collected was meant to be a representative sample of the global

population weighed by production that can be utilized by students to conduct a number of
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visual observations, non-destructive measurements, and destructive tests on southern pine
material.
2.2.2

Sampling method
The intention is to randomly collect global samples of No. 2 2 x 4, 2 x 6, 2 x 8,

and 2 x 10 for testing in bending from the 15 of the original 18 regions spread across the
South (Figure 2.1) in with a similar number of samples per mill ad per region as was
gathered in the last 2010-2012 southern pine samples. The grade selected for this study is
Number 2 because it is the most produced grade of southern pine. The samples sizes for
the 2 x 4 and 2 x 8 are 25 per mill and the sample size for the 2 x 10 is 13. Because the
material is not being selected by a certified grader at the lumber yard number extra
pieces, above the 10 per mill per test property, have been added to the sample. The
lumber obtained for this study were from commercial sawmills that have lumber graded
from Southern Pine Inspection Bureau (SPIB) or Timber Products Inspection (TPI).
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Figure 2.1

2.2.3

Map of Southern pine growth regions of southern pine

Philosophy of sampling
The lumber was randomly collected at retail and wholesale lumber yards rather

than at the production mill. It was believed that this material is representative of the
material being commercially sold. Before any material was gathered a list was created
which had the mill number and corresponding region for SPIB and TP member mills.
This list was then sorted from smallest to largest mill number in order to create a master
mill-region list for speedy identification of region when visiting lumber yards (Table 2.2).
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Table 2.2

Example partial Master list of mills and regions

SPIB Region
Mill #
24
13
25
12
67
6
72
12
77
13
94
6
:
:

2.2.4

2x4

2x8

2 x 10

TPI Region
Mill #
14
6
25
1
62
17
63
6
74
6
100
9
:
:

2x4

2x8

2 x 10

Regional trips
For a given region possible lumber sites were identified in advance using google.

For example, Figure 2.2 shows a map for Roanoke showing the lumber yards in the
Roanoke area. A truck with a trailer is then driven to the area and a number of different
lumber yards are visited until a sufficient number of samples have been pulled or until the
trailer is full. Regions 1, 2, and 3 are being collected first in order to avoid bad weather.
Initially large retailers Home Depot and Lowes were avoided because most a larger
portion of the material in their inventory was Prime grade. After further discussion about
the intended academic use of this sample it was thought that inclusion and tracking of
Prime material may be beneficial.
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Figure 2.2

2.2.5

Illustration of lumber yards in Roanoke (which is located in Region 3) area

Within lumber yard
At a particular lumber yard the potential for obtaining 2 x 4, 2 x 6, 2 x 8, and 2 x

10 was determined. Often times it is not possible to get all sizes at a particular yard. If a
new bundle was broken open the top course of material is removed. Most bundles in a
lumber yard, however, are already broken open so the top course has already been
removed. For a given bundle the mill number was identified and checked against the
master mill-region list to determine if material is still needed for that region.
At a given lumber yard location material may be from a number of different
regions. The material was gathered sequentially until the target sample size of 25 for 2 x
4, 2 x 6, and 2 x 8 or 13 for 2 x 10 was reached. If another bundle of material at that yard
contains lumber from a different mill or region the process is repeated again. A running
tally is maintained for each region in order to identify what material is still needed. This
18

process is repeated at a number of different yards until the trailer is full. An example of
the master list is given in Table 2.3.
Table 2.3

Example of Master list of No. 2 material from given mills and regions

SPIB Region
Mill #
24
13
25
12
67
6
72
12
77
13
94
6
:
:

2.2.6

2x4

2x6

2x8

2x10

24

23

13

25

13

TPI Region 2 x 4 2 x 6 2 x 8 2x10
Mill #
14
6
25
25
1
4
13
62
17
63
6
22
25
49
28
74
6
100
9
:
:

The collecting program
The because of the large number of samples being tested and the wide variety of

measurements being taken a computer program was created using Microsoft Access to
improve and better organize the data collection. The program was built having different
sections: growing characteristics (rings per inch and % of latewood), grader evaluation,
visual defects, non-destructive testing, baked moisture content, etc. Within the Window’s
environment a series of template worksheets for each section (Figure 2.3) were created
for data entry.
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Figure 2.3

Screen of the lumber data program.

Each section collected different information about each piece of lumber. By using
the each lumber piece’s unique identification code described below and by hooking
computers with Ethernet connections, data for each of the sections was added into the
overall data base simultaneously. It improved the workability by reducing collecting data
by hours.
2.2.7

Identification, coding and labeling
Each piece was given a unique identification code. A sequential number was

given to each piece gathered. Lumber pieces were assigned a four digit identification
number. The first digit of the number indicated the size. 2 x 4’s were identified with
numbers in 4000’s series starting with 4001. The same procedure was adopted for 2 x 6’s
with numbers in the 6000’s series starting with 6001, 2 x 8’s with numbers in the 8000’s
series starting with 8001 and 2 x 10’s in the 1000’s series starting with 1001.
The sawmill identification number was recorded for each piece. The grading
stamp was used as the means of orienting each piece for labeling. With the saw mill
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grading stamp facing up, each piece was labeled on both cross section ends. A green ink
marker was used for the left side of the piece and a blue ink marker on the right side. In
this way, at sequential stages of data collecting the individual processing the piece would
be able to identify and control the position of the pieces along the test. A bar code with
the piece identification number (Figure 2.4) was stapled on both ends as well to better
control the identification process along data collecting.

Figure 2.4

2.2.8

Labeling methods for lumber pieces

Re-grade
A certified grader analyzed each piece closely, re-graded, and looked for the

grading reducing defect (GRD) and the strength reducing defect (SRD). The GRD were
marked in a green colored marker and the SRD were marked in red colored marker
(Figure 2.5). If the GRD and SRD are the same defect the defect was marked only once.
In the computer program’s grading template there is a list of possible defects. After the
grader identified the type of defect, the defect data was entered into the lumber database.
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Figure 2.5

Example of lumber pieces having marks for grade reducing and strength
reducing defects
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CHAPTER III
ASSESSING SOUTHERN PINE 2X4 AND 2X6 LUMBER QUALITY USING
LONGITUDINAL AND TRANSVERSE VIBRATION
3.1

Abstract
A primary goal of structural lumber grading is the identification of the strength

reducing characteristics that impacts the modulus of rupture (MOR). Non-destructive
evaluation technology can be used to identify higher-stiffness material. This study
investigated the use of longitudinal and transverse vibration methods to evaluate the
mechanical properties of 2x4 and 2x6 southern yellow pine lumber. A total of 1240
samples were conditioned to 12% equilibrium moisture content. All samples were first
nondestructively tested using edgewise and flatwise transverse vibration equipment
(Metriguard E-computer) and three different longitudinal vibration equipment (Fakopp
Portable Lumber Grader, Director HM200, and Falcon A-grader) to obtain the vibration
properties using transverse and longitudinal methods. Dynamic modulus of elasticity
(MOE) of each sample was calculated based on the fundamental wave equation. Static
bending was subsequently conducted according to ASTM 198 (2012) and the rate of
loading followed ASTM D4761 (ASTM, 2012). The results showed significant
correlations between the properties determined by non-destructive techniques and the
static MOE. Weaker correlations were found for MOR. Likely this finding is because it is
related to the ultimate strength of material, often associated with the existence of
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localized defects, such as a knot, on the lumber piece. This study indicates the
nondestructive techniques can potentially be used to evaluate 2x4 and 2x6 lumber
stiffness.
3.2

Introduction
Wood is a major construction material used in the U.S. It has advantages when

compared to other materials, such as steel and concrete. It shows considerable mechanical
resistance and a favorable strength to weight ratio. Also, it is relatively easy to fasten, cut,
and shape and is cost effective. In addition, it is a sustainable, renewable and
biodegradable bio-product; however, it needs to be classified according to strength and
stiffness to optimize its use.
Wood has many features which directly influence its in-service performance.
Therefore, a full knowledge of its structural potential developed via testing is necessity
for its optimal use in construction.
Nondestructive assessment methods provide ways to evaluate physical and
mechanical properties of material without changing its characteristics (Ross et al. 1991).
Techniques, such as ultrasound, transverse vibration, longitudinal vibration, and x-ray
have been investigated and have been adopted by industry because of their fast responses
and high correlations (Brashaw et al., 2009).
The modulus of elasticity (MOE) is one of the most important mechanical
properties of wood because it is the indicator of load resistance most frequently
used (Amishev and Murphy, 2008). The dynamic methods to characterize wood and other
materials calculate the MOE through the natural frequency of the specimen vibration and
its geometric parameters. These methods have the advantage of being fast and
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repeatable (Cossolino and Pereira, 2010). Since the 1960s, researchers from the forest
products community have been developing non-destructive testing (NDT) tools for
evaluating the quality of lumber products, especially with regard to mechanical grading
(Divós and Tanaka, 2005). Lumber is more difficult to evaluate than small clear
specimens because it is larger and it has a multitude of interacting and potentially
stiffness- and strength-reducing characteristics. Predicting the MOE of lumber with
longitudinal vibration has received considerable research efforts in recent years in terms
of grading or pre-sorting (Wang, 2013). The assessment of the quality of raw wood
materials has become a crucial issue in the operational value chain as forestry and the
wood processing industry are increasingly under economic pressure to maximize its
extracted value (Brashaw et al., 2009).
The objective of this study was to investigate the relationships between dynamic
MOE from longitudinal and transverse vibration and mechanical properties (bending
MOE and MOR) of lumber.
3.3

Materials and methods
To fully understand the relationships between dynamic and static lumber

evaluation methods, experimental tests on 2x4 and 2x6 southern pine lumber were
conducted with four commercially-available nondestructive tools. A total of 1240 pieces
of No. 2 southern pine lumber were obtained from retail lumber yards in the southeastern
U.S. The lumber was divided into two groups according to the cross section dimensions:
629 pieces of 2×4 (38 × 89 mm2) and 611 pieces of 2×6 (38 × 140 mm2). The average
moisture content when tested was 11.4%, and the average air-dried density of was 557
kg·m-3.
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3.3.1

Longitudinal vibration
Longitudinal vibration data was collected for each specimen using three

commercially available tools. During the test, two rigid sawhorses, positioned at ¼ and
¾ of the length supported the pieces, and foam was used at the contact surface between
sawhorse-specimen as a way to reduce damping and increase accuracy.
To achieve the longitudinal frequencies a microphone was used to capture the
vibration. A computer with the fast Fourier vibration analyzer (Fakopp, 2005) and Falcon
A-grader software were used to read the natural frequency of each piece. The Director
HM-200, a portable tool that collects the vibration velocity, was also used on each
specimen.
An impact was applied on each test specimen in the longitudinal direction per
ASTM E1876 (2007). The direction of the wave motion occurs in the same direction as
the longitudinal vibration mode. Dynamic MOE was calculated for the information
collected by the three longitudinal vibration tools (Equation 3.1).
EL = ρ · (L ∗ f)2 = 𝜌 · 𝑣 2

(4.1)

Where EL = dynamic MOE (MPa), ρ = density (kg.m-3), L = length of the piece
(m), f = first harmonic longitudinal vibration frequency (Hz), v = wave velocity (m.s-1).
3.3.2

Transverse vibration
Each piece was simply supported flatwise as a beam spanning its entire length.

Each piece was supported on one end by a knife-edge support and at the opposite end
by a point support. As such, each piece was permitted to vibrate in an unrestrained
manner. Each piece was nondestructively examined using transverse vibration
equipment (Metriguard Model 340 Transverse Vibration E-Computer). Each specimen
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was then set into vibration by gently tapping it near the center of the span. A load cell
measured the frequency of vibration and weight, and the E-Computer recorded the
transverse vibration frequency for each piece and calculated the dynamic MOE.
The impact was applied and the signal captured along the transverse direction per
ASTM E 1876 (2006). The calculation of the MOE by first transverse vibration resonant
frequency is given by Equation 3.2.
ET =

𝑓𝑟2 ·𝑊·𝐿3
2.46·𝐼·𝑔

(4.2)

Where ET = dynamic MOE (MPa); Fr = resonant frequency (Hz); W = lumber
piece weight (kg.g); L = beam span (m); I = moment of inertia (m4); g = acceleration of
gravity (9.8 m·s-2).
A similar procedure was utilized in the measurement of the dynamic MOE in
edgewise orientation (dMOEedge), with special care taken to insure that flatwise vibration
was minimized.
3.3.3

Static bending test
Following the non-destructive measurements, all specimens were destructively

tested in static bending to obtain the MOE and modulus of rupture (MOR). The static
bending tests were conducted using a four-point bending setup per ASTM 198 (2012) and
rate of loading followed ASTM D4761 (2012). The load-deflection data was recorded by
Bluehill 3 software from Instron and the flexural MOE was calculated using Equation
3.3.
MOE =

P∗(3L2 −4𝑎2 )
48∗δ∗I
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(4.3)

Where MOE = Static bending modulus of elasticity (MPa), P = Force (N), L =
distance between load points (m), δ= midspan deflection (m), I = moment of inertia (m4).
Modulus of rupture (MOR) was calculated based on Equation 3.4.
P∗L

MOR = b∗h2

(4.4)

Where P = maximum transverse load (N), L = specimen span (m), b = specimen
thickness (m), and h = specimen depth (m).
3.4

Results and discussion
All statistical analyses were conducted using SAS 9.4 (SAS, 2013). Analysis of

variance (ANOVA) was performed to characterize the differences within the specimens
sampled by cross sections.
3.4.1

Basic properties
Statistical analyses of the static bending MOR and MOE values, dynamic MOE

values obtained from NDT tools are listed in Table 3.1. There is a statistically significant
difference (α=0.05) between groups (2x4 and 2x6) only for MOR.
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Table 3.1

Static bending MOR and MOE values, dynamic MOE values obtained from
NDT techniques

a

MOR
(MPa)

Size
2×4
2×6

Mean
55.39
45.88

Median Minimum Maximum
53.76
10.89
121.35
44.66
7.70
99.25

STD
20.76
17.93

COV
37.5%
39.1%

MOEb
(MPa)

2×4
2×6

10855
10414

10747
10252

3616
3650

19141
18270

2798
2395

25.8%
23.0%

dMOEFAKc
(GPa)

2×4
2×6

11.51
11.16

11.49
10.82

3.95
3.82

21.42
20.77

3.03
2.89

26.3%
25.9%

dMOEDIRd
(GPa)

2×4
2×6

11.65
11.25

11.54
10.93

3.93
4.08

21.59
21.05

3.05
2.88

26.2%
25.6%

dMOEFALe
(GPa)

2×4
2×6

11.02
11.95

10.97
11.53

3.81
4.11

20.46
26.31

2.89
3.14

26.2%
26.3%

dMOEEDGEf
(GPa)

2×4
2×6

11.61
11.19

11.50
10.90

4.26
4.17

20.80
20.30

2.93
2.67

25.2%
23.9%

2×4
11.51
11.41
4.16
20.50
dMOEFLATg
(GPa)
2×6
11.31
11.07
3.93
21.60
a
Modulus of Rupture
b
Static bending MOE value
c
Longitudinal vibration MOE value from Fakopp lumber grader
d
Longitudinal vibration MOE value from Director HM200
e
Longitudinal vibration MOE value from Falcon A-Grader
f
Edgewise transverse vibration MOE value
g
Flatwise transverse vibration MOE value

3.00
2.86

26.1%
25.3%

Static bending MOR values ranged from 7.7 to 121.5 MPa. The average MOR
value of all specimens is 55.4 MPa for 2x4 and 45.0 MPa for 2x6. Strength is greatly
affected by the position of knots during destructive testing. For 2x4, the minimum,
average and maximum MOE values are 3.62, 10.86 and 19.14 GPa respectively. For 2x6,
the minimum, average and maximum MOE values are 3.65, 10.41 and 18.27 GPa
respectively.
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Doyle and Markwardt (1966) studying SYP dimensional lumber found MOE
values ranging from 8.8 to 13.2 GPa. The dynamic MOE obtained with longitudinal
vibration ranged between 5.3 and 18.4 GPa, with the average around 11.5 GPa for all
three longitudinal vibration tools. The Falcon tool detected a greater range between low
and high stiffness material. Applying transverse vibration techniques, the dynamic MOE
obtained ranged between 3.8 – 26.3 GPa, with the average being 10.0 GPa.
3.4.2

Tool comparison
Mean trends in the relationship between dynamic MOE and bending MOE for the

No.2 southern pine lumber are shown in Figure 3.1. Linear regression plots for each
lumber size (2x4 and 2x6) for bending MOE versus dynamic MOE from (a) Fakopp
Lumber Grader; (b) Director HM200; (c) Falcon A-Grader; (d) edgewise transverse
vibration; (e) flatwise transverse vibration.
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Figure 3.1

(b)
Linear regression plots for each lumber size: bending modulus of elasticity
versus dynamic MOE from (a) Fakopp Lumber Grader; (b) Director
HM200; (c) Falcon A-Grader; (d) edgewise transverse vibration; (e)
flatwise transverse vibration.
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Figure 3.1 (Continued)
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The results indicated significant correlations between the properties determined
by nondestructive techniques and the static MOE (Table 2). Many studies with other
softwood species and grades already demonstrated the potential of these methods to
estimate MOE (Ross et al., 1991; Divós & Tanaka, 1997).
Linear relationships between dynamic MOE and MOR were in general
weak (Table 3.3). The low correlations are largely explained by (1) the presence of knots
and other wood defects suck checks, splits and grain deviation present in SYP dimension
lumber as well as by the fact that all lumber was in the same grade and (2) the NDT
analysis was performed over the entire length of each piece but the static bending was
performed over a 17:1 depth to span ratio that was randomly positioned in the testing
machine. Inclusion of multiple grades would have provided specimens of both greater
and lesser quality which would have most likely improved these correlations.
Mean trends in the relationship between dynamic MOE and bending MOR for the
No.2 pine lumber are showed in Figure 3.2. Linear regression plots for each lumber
size (2x4 and 2x6) for bending MOE versus dynamic MOE from (a) Fakopp Lumber
Grader; (b) Director HM200; (c) Falcon A-Grader; (d) edgewise transverse vibration; (e)
flatwise transverse vibration.
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Figure 3.2

Linear regression plots for each lumber size: modulus of rupture versus
dynamic MOE from (a) Fakopp Lumber Grader; (b) Director HM200; (c)
Falcon A-Grader; (d) edgewise transverse vibration; (e) flatwise transverse
vibration.
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Figure 3.2 (Continued)

3.4.3

Regression models
The coefficients β0 and β1 are used in the generalized model static property = β0 +

β1·dMOE. Results of linear regression analyses relating static bending MOE and dynamic
MOE from different tools for 2x4 and 2x6 southern pine dimensional lumber are listed in
Table 2.
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Table 3.2

Results of linear regression analyses relating static bending modulus of
elasticity and dynamic MOE from different tools for 2x4 and 2x6 southern
pine dimensional lumber
Modulus of elasticity (MPa)

Size

2x4

2x6

Tool

β0

β1

r2

FAK
DIR
FAL
EDGE
FLAT
FAK
DIR
FAL
EDGE
FLAT

0.6191
0.6271
0.5744
0.8718
0.7220
-0.3599
-0.1130
-0.3987
0.4563
0.0363

0.0010
0.0010
0.0001
0.0001
0.0001
0.0011
0.0011
0.0012
0.0010
0.0011

0.8593
0.8695
0.8657
0.8909
0.8584
0.8415
0.8236
0.8185
0.8543
0.8246

Standard
error (u)
1.1368
1.1011
1.0615
0.9694
1.2781
1.1511
1.2101
1.3384
1.0202
1.1968

DurbinWatson
2.0111
1.9270
1.9347
1.9200
1.9228
1.7321
1.7043
1.7069
1.5220
1.6867

Results of linear regression analyses relating static bending MOR and dynamic
MOE from different tools for 2x4 and 2x6 southern pine dimensional lumber are listed in
Table 3.3.
Table 3.3

Size

2x4

2x6

Results of linear regression analyses relating static bending MOR and
dynamic MOE from different tools for 2x4 and 2x6 southern pine lumber.
Modulus of rupture (MPa)
Tool

β0

β1

r2

FAK
DIR
FAL
EDGE
FLAT
FAK
DIR
FAL
EDGE
FLAT

6.4932
6.5668
6.2118
6.5815
6.5631
6.4187
6.6862
6.8646
6.5997
6.6986

0.0906
0.0917
0.0868
0.0908
0.0894
0.1034
0.0994
0.1108
0.1001
0.1006

0.3855
0.3905
0.3878
0.4128
0.3818
0.4119
0.3833
0.4001
0.4512
0.3987
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Standard
error (u)
2.3761
2.3798
2.2663
2.2487
2.3626
2.2172
2.2625
2.4319
1.9802
2.2163

DurbinWatson
1.7436
1.7365
1.7271
1.7199
1.7276
1.6386
1.6272
1.6530
1.6686
1.5945

Table 3.4 summaries research conducted to examine the relationship between
longitudinal vibration MOE and static bending (MOE and MOR) of structural lumber.
The correlative relationships found in this study were comparable to those reported in the
literature.
Table 3.4

Summary of research conducted to examine the relationship between
longitudinal vibration modulus of elasticity and static bending (modulus of
elasticity and modulus of rupture) of structural lumber

Reference
Gerhards (1982)
Porter et al. (1972)
Shmulsky et al. (2006)
Yang et al. (2015)

Material
Southern pine
Knotty lumber
Clear lumber
Clear lumber
Southern pine dowels
Southern pine dimensional
lumber

Correlation coefficient
dMOE x MOE = 0.87
dMOE x MOE = 0.95
dMOE x MOE = 0.90-0.92
dMOE x MOE = 0.81
dMOE x MOR = 0.42
dMOE x MOE = 0.92

Table 3.5 summaries research conducted to examine the relationship between free
transverse vibration modulus of elasticity and static bending (modulus of elasticity and
modulus of rupture) of structural lumber.
Table 3.5

Summary of research conducted to examine the relationship between free
transverse vibration MOE and static bending (MOE and MOR) of structural
lumber

Reference
Pellerin (1965)

Dimensional
Reported
Lumber Material
properties
Douglas-fir
MOE, MOR

O’Halloran (1969)

Lodgepole pine

MOR, MOR

Ross et al. (1991)
Wang et al. (1993)
Yang et al. (2015)

Spruce-Pine-Fir
Spruce-Pine-Fir
Southern pine

MOE
MOE
MOE
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Correlation MOE x
dynamic MOE
dMOE x MOE = 0.98
dMOE x MOR = 0.67-0.93
dMOE x MOE = 0.98
dMOE x MOR = 0.89
dMOE x MOE = 0.99
dMOE x MOE = 0.96-0.99
dMOE x MOE = 0.95

Pellerin (1965) using free transverse vibration of Douglas-fir dimensional lumber
found correlations between 0.67-0.93 for various lumber grades. O’Halloran (1972)
studying lodgepole pine dimensional lumber with transverse vibration technique found
coefficient of correlation equal 0.89. Green & McDonald (1993) using transverse
vibration flatwise found correlation equal 0.58 for northern red oak lumber.
Carreira (2012) tested the transverse vibration method with Eucalyptus sp. logs in
bending test and concluded that this technique was not efficient to provide reliable
estimates of the logs MOR. Vega et al. (2012) studying chestnut timber found r2 between
0.10 to 0.17 using three different NDT methods (ultrasound, impact wave and
longitudinal waves) concluding that dynamic variables are not adequate by themselves to
estimate bending strength.
The quality of a strength grading system is determined by the ability of the tool
and operator during measurement of the parameter to predict strength. This factor can be
quantified by regression analysis (the obtained coefficient of determination, r2). The
measurement error of the predictor parameter is another factor and can be quantified by
the coefficient of variation of the measurement error.
Another factor is the system capability to sort-out pieces with different
characteristics but consistently low strength. If the regression analysis is based on
measurements made in the same conditions and the same apparatus that is used in the
strength grading machine, the effect of the measurement error and coefficient of variation
is already included in the r2 value directly. If the measurements are made in laboratory
conditions, the effect of measurement error should be considered separately, when
evaluating the effectiveness of a certain strength grading system.
38

The differences of r2 values among the tools were small and not considered as
indication of superiority of a certain method compared to another due to reasons
explained above. Furthermore, when considering the fitness of a strength grading system
to a certain application, the evaluation of the prediction accuracy in terms of r2 and
coefficient of variation is not adequate alone. Obviously, the price of the system, its
fitness to production line and target strength classes are other important factors.
3.5

Conclusions



All tools tested are able to predict MOE. The differences between tools are
minimum.



Transverse vibration flatwise and longitudinal vibration MOE showed slightly
lower correlation with static MOE compared to transverse vibration edgewise.



Vibration methods were not reliable to predict MOR.



Potentially, this study could have been improved by testing lumber specimens in
both higher and lower grades and by testing the entire span of each piece
consistent with the NDT analysis.



Including additional grades, a greater range of stiffer/stronger pieces as well as
less stiff/weaker pieces would have elongated the response data. The collective
influence of the defects associated with each specimen perhaps interact and thus
influence the stiffness to strength relationship.
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CHAPTER IV
USE OF TRANSVERSE VIBRATION NONDESTRUCTIVE TESTING
TECHNIQUES TO ESTIMATE THE STIFFNESS AND STRENGTH
OF SOUTHERN PINE LUMBER
4.1

Abstract
The research summarized in this report focused on use of transverse vibration

nondestructive testing techniques to evaluate the bending stiffness and strength of
structural pine lumber. A random sample of nominal two inch thick, southern pine
dimension lumber was obtained from several mills in the southeastern United States.
After conditioning, the lumber specimens were nondestructively tested using transverse
vibration techniques. Modulus of elasticity (MOE) was determined using the frequency
of oscillation and density. Static bending modulus of elasticity and strength were then
determined for each specimen. Statistical analyses were then performed to examine the
relationships between transverse vibration values and bending strength and MOE strong
relationships were observed between transverse vibration and static bending modulus of
elasticity values. Strong relationships were found between transverse vibration modulus
of elasticity and bending strength.
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4.2

Introduction
Transverse vibration techniques have received considerable attention for

nondestructive evaluation applications (Ross 2015). Figure 4.1 illustrates a typical free
transverse vibration test setup. Note that the specimen is simply supported at both ends.

Figure 4.1

Schematic of typical free transverse vibration test setup

A slight deflection is introduced at the specimen’s mid-span and is then allowed
to freely oscillate in the vertical (transverse) direction. Frequency of oscillation is
determined and, along with the specimen weight and dimensions, used to compute
modulus of elasticity (MOE). For this configuration the MOE is calculated from the
following formula:

MOEtv =

f2 WS3
2.46 Ig

(4.5)

Where f is resonant frequency (Hz), W weight of the specimen (kg), S span (m), I
moment of inertia (m4), and g acceleration due to gravity (9.81 m/s2).
ASTM D6874 – 12, “Standard Test Methods for Nondestructive Evaluation of
Wood-Based Flexural Members Using Transverse Vibration,” outlines important aspects
for using transverse vibration nondestructive testing techniques to evaluate the modulus
of elasticity of wood materials (ASTM 2012). This standard outlines three elements that
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are essential when using this type of technique: the support apparatus, excitation system,
and measurement system. A detailed discussion of these elements is beyond the scope of
this paper and is discussed in detail in the standard and in Ross (2015). It is important to
note that this standard recommends transverse vibration testing of lumber specimens
flatwise; this results in a low frequency vertical vibration with few modes. Testing
edgewise complicates the test, as a specimen may vibrate in several modes
simultaneously, specifically vertically and horizontally, which could lead to erroneous
results.
Pellerin (1965) used this technique to evaluate the properties of several large,
glued laminated timbers in an edgewise orientation. Using three, Douglas-fir glulam
timbers, he was able to obtain accurate measurements of natural frequency, dynamic
modulus of elasticity, and the decay of transverse vibrations and use them to predict the
relative strength of the timbers. Note that it was important to test the timbers in an
edgewise orientation, as each timber had a unique layup pattern, which would
significantly affect its flexural stiffness and strength. Yang and others (2015) used this
technique to evaluate southern yellow pine lumber in edgewise and flatwise orientations,
with both yielding good results.
Pellerin (1965a) and O’Halloran (1969) reported on the use of transverse
vibration techniques to evaluate the strength and stiffness of structural lumber. Pellerin’s
research focused on predicting the bending MOE and strength of inland Douglas fir
dimension lumber. O’Halloran’s efforts focused on the use of the techniques to evaluate
lodge pole pine dimension lumber. Both reported excellent empirical relationships
between static and dynamic MOE values, and strong relationships with strength. Wang
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and others (1993) also reported on the use of these techniques to evaluate the MOE of a
sample of spruce-pine-fir dimension lumber; they noted that excellent correlative
relationships were obtained.
The objective of this research study summarized in this paper was to investigate
the relationships between transverse vibration characteristics, measured in flatwise and
edgewise orientations, and the flexural MOE and strength of southern pine dimension
lumber.
4.3

Materials and methods
Over two thousand (2039) lumber specimens, all visually graded as No. 2, were

utilized. Specimens were procured based on a production-weighted sampling procedure.
Sampling was taken from throughout the southern pine-producing area. In this manner,
sampling was similar to that undertaken for in-grade testing and resource monitoring.
The specimens were sampled from the southeastern region of the United States.
Table 4.1 characterizes the sample in terms of size, length, and number of samples. Once
collected specimens were conditioned (temperature: 22°C; relative humidity: 61%) for
approximately ninety days to equilibrate to an estimated 12 % moisture content prior to
testing.
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Table 4.1

Summary of the sample of lumber used in this study

Nominal size Thickness (mm)

Width (mm)

2x4

38

140

2x6

38

185

2x8

38

236

2 x 10

38

287

Length (m)
2.4
3.1
3.7
4.3
4.9
3.1
3.7
4.3
4.9
6.1
3.7
4.3
4.9
4.3
4.9

Number of Samples
By length
Total
121
152
206
630
49
102
85
265
137
613
102
24
145
202
483
136
204
313
109

The MOE was measured for each specimen using a Metriguard Model 340
Transverse Vibration E-Computer (Metriguard Inc., Pullman, WA USA). Each specimen
was initially tested in a flatwise orientation. Actual dimensions and weight were used in
the computation of the transverse vibration MOE in flatwise orientation (dMOEflat). A
similar procedure was utilized in the measurement of the dMOE in edgewise orientation
(dMOEedge), with special care taken to insure that horizontal vibration was minimized.
The edgewise bending test was conducted according to ASTM D 198-15 (2015) via fourpoint loading, using a span-to-depth ratio of 17:1.
The bending span to depth ratio was selected to match prior in-grade testing
programs (Green, Shelley and Vokey, 1989). The edge to be loaded in tension was
randomly selected for each specimen. Also, specimens were placed randomly on the test
fixture with respect to lengthwise positioning. Load and deflection was continuously
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monitored until failure. Static bending modulus of elasticity (MOE) and modulus of
rupture (MOR) were calculated for each specimen from their corresponding
load/deflection diagram.
All statistical analyses of static bending (MOR and MOE) and dynamic MOE
values obtained from transverse vibration tests were conducted using SAS 9.4 (SAS,
2013). Single variable linear regression analyses (α=0.05) were built for each cross
section and length lumber group, to correlate the NDT outputs to bending MOE and
MOR values. The linear regressions were conducted given the independent variables (x,
which can be represented by density, dMOEedge and dMOEflat) and the dependent variable
(MOE, MOR). Coefficient of correlation (r), which measures the strength of the
relationships between variables, was of main focus.
4.4

Results and discussion
Table 4.2 presents a summary of several basic properties of the lumber tested.

Note the following: 1. each lumber group had comparable density values; 2. moisture
content values for the groups were consistent; 3. the transverse vibration modulus of
elasticity values were consistent between cells; 4. strength (modulus of rupture, MOR)
values showed the most variability.
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Table 4.2

Summary of properties from the lumber evaluated

Nominal size
2x4

Density
(kg.m-3)

Moisture
content
(%)

548
(11.1)*
2x6
548
(10.8)
2x8
542
(9.9)
2x10
560
(10.5)
* Coefficient of variation (%)

11.45
(8.47)
11.04
(11.6)
11.68
(14.2)
12.15
(18.7)

Transverse Transverse
Modulus
vibration
vibration
Modulus
of
MOE
MOE
of rupture
elasticity
flatwise
edgewise
(MPa)
(MPa)
(GPa)
(GPa)
11.51 (26.1) 11.61 (25.2) 10855
55.39
(25.8)
(37.5)
11.31 (25.3) 11.19 (23.9) 10414
45.88
(23.0)
(39.1)
11.06 (25.3) 10.92 (21.2) 10519
38.92
(22.1)
(36.1)
10.96 (26.6) 10.68 (22.7) 11059
42.90
(24.0)
(38.3)

The mathematical regression models between the nondestructive test parameters
(density, dMOEedge and dMOEflat) and static properties (modulus of elasticity and
strength, MOR) were assumed to be linear, and of the following form:

Static property = slope × (nondestructive test parameter) + intercept + error.

After a statistical analysis of each combination of size and length, summaries of
which are included in the appendix, it was deemed appropriate to combine 2x4 and 2x6
data sets for purposes of examining statistical relationships between transverse vibration
modulus of elasticity and static bending properties. Similarly, 2x8 and 2x10 data sets
were combined. Tables 4.3 and 4.4 provide summaries obtained from these statistical
analyses.
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Figure 4.2 shows plots of static bending modulus of elasticity values predicted
using transverse vibration MOE values. These plots show that strong correlative
relationships exist. In this case, the coefficient of determination for MOE and dMOEflat
was 0.839 and 0.794 respectively. Between MOE and dMOEedge it was 0.874 for 2x4 and
2x6 and 0.887 for 2x8 and 2x10. These correlative relationships were comparable to
those reported in the literature (Table 4.5) (Pellerin, 1965a; O’Halloran, 1969; Wang and
others, 1993; Yang and others, 2015; Green and McDonald, 1993a; Green and
McDonald, 1993b).
Table 4.3

Results of linear regression analyses relating static bending MOE and MOR
to transverse vibration MOE for 2x4 and 2x6 southern pine dimension
lumber.

Variable

MOE
Slope Intercept
Coefficient of
(m)
(b)
determination (r2)

Density

MOR
Standard
error of
estimate

Slope Intercept
Coefficient of
(m)
(b)
determination (r2)

Standard
error of
estimate

30

-5712

0.469

1906

0.192 -54.09

0.331

16.26

dMOEflat 817

1307

0.839

1048

4.18

3.01

0.377

15.79

dMOEedge 869

721

0.874

925

4.63

-2.10

0.425

15.16

The coefficients m and b are used in the generalized model static property = m (transverse vibration
modulus of elasticity) + b.
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Table 4.4

Results of linear regression analyses relating static bending MOE and MOR
to transverse vibration MOE for 2x8 and 2x10 southern pine dimension
lumber.
MOE

MOR

Variable

Slope
(m)

Intercept
(b)

Coefficient of
determination
(r2)

Standard
error of
estimate

Slope
(m)

Intercept
(b)

Coefficient of
determination
(r2)

Standard
error of
estimate

Density

29.24

-5273.40

0.444

1885.48

0.188

-52.93

0.309

16.16

dMOEflat

783.22

2443.24

0.794

1131.91

2.599

14.09

0.213

14.15

dMOEedge

983.65

302.82

0.887

840.10

3.60

3.35

0.289

13.45

The coefficients m and b are used in the generalized model static property = m (transverse vibration
modulus of elasticity) + b.

Figure 4.3 shows several plots of bending strength (MOR) values predicted by
transverse vibration MOE. Results obtained from the corresponding statistical analyses
are summarized in Tables 3 and 4. Between MOR and dMOEflat, the coefficient of
determination was 0.377 for 2x4 and 2x6 combined and 0.213 for 2x8 and 2x10. For
MOR and dMOEedge it was 0.425 for 2x4 and 2x6 and 0.289 for 2x8 and 2x10 combined.
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Table 4.5

Summary of research conducted by other authors

Reference

Material

Pellerin (1965a)

Inland Douglas-fir
dimensional lumber
O’Halloran (1969)
Lodgepole pine
dimensional lumber
Wang and others
Spruce-pine-fir
(1993)
dimensional lumber
Yang and others (2015) Southern pine
dimensional lumber
Green and McDonald Northern red oak
(1993a)
lumber
Green and McDonald Red maple lumber
(1993b)

Comparison of transverse vibration
parameters and properties
(correlation coefficient, r)
Modulus of
Modulus of
elasticity
rupture
0.98
0.67-0.93
0.98

0.89

0.96-0.98

N.A.

0.86-0.97

N.A.

0.92

0.58

0.85

0.42

The relationship between transverse vibration modulus of elasticity and static bending properties
(modulus of elasticity and modulus of rupture) of structural lumber. N.A – not available.
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Figure 4.2
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(d)

Linear regression plots for each lumber size: bending modulus of elasticity
versus dynamic MOE from (a) Edgewise transverse vibration on 2x4 and
2x6; (b) Flatwise transverse vibration on 2x4 and 2x6; (c) Edgewise
transverse vibration on 2x8 and 2x10; (d) Flatwise transverse vibration on
2x8 and 2x10

52

120

120
2x4's
2x4's
2x6's
2x6's

2x4's
2x4's
2x6's
2x6's

100

Modulus of Rupture (MPa)

Modulus of Rupture (MPa)

100

80

60

40

20

80

60

40

20

0

0
2

4

6

8

10

12

14

16

18

20

22

2

Dynamic MOE (GPa) from edgewise transverse vibration

4

6

8

(a)

80

Modulus of Rupture (MPa)

Modulus of Rupture (MPa)

14

16

18

20

22

100
2x8's
2x8's
2x10's
2x10's

60

40

20

0

2x8's
2x8's
2x10's
2x10's

80

60

40

20

0
2

4

6

8

10

12

14

16

18

20

22

2

Dynamic MOE (GPa) from edgewise transverse vibration

4

6

8

10

12

14

16

18

20

22

Dynamic MOE (GPa) from flatwise transverse vibration

(c)

4.5

12

(b)

100

Figure 4.3

10

Dynamic MOE (GPa) from flatwise transverse vibration

(d)

Linear regression plots for each lumber size: modulus of rupture versus
dynamic MOE from (a) Edgewise transverse vibration on 2x4 and 2x6; (b)
Flatwise transverse vibration on 2x4 and 2x6; (c) Edgewise transverse
vibration on 2x8 and 2x10; (d) Flatwise transverse vibration on 2x8 and
2x10

Conclusions and recommendations
This study investigated the ability of flatwise and edgewise transverse vibration

nondestructive testing techniques to estimate the static bending MOE and MOR values of
southern pine dimension lumber. Results revealed the following:
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Commercially available transverse vibration nondestructive testing equipment
was able to capture the vibration characteristics for a variety of sizes (cross
sections) and lengths frequently used in the construction industry.



It was possible to obtain adequate measurement of frequency of vibration data for
dimension lumber, tested in both flatwise and edgewise orientations.



Flatwise and edgewise transverse vibration MOE values are strongly correlated
with static bending MOE values for southern pine dimension lumber.



Useful correlative relationships were observed between MOR and transverse
vibration MOE.



Edgewise transverse vibration modulus of elasticity values showed slightly higher
correlative relative relationships with both static bending MOE and MOR. This
finding exhibited most strongly with larger (2x8 and 2x10) lumber sizes.



These results revealed that transverse vibration nondestructive testing techniques
can be used successfully as part of an automated structural lumber grading
system. With current processing equipment it is recommended that the lumber be
tested in a flatwise orientation, as an edgewise orientation has the potential to
vibrate in additional modes which would complicate the design of in-line
equipment.



Given the differences in precision between edgewise and flatwise, companies may
wish to investigate the potential returns vs cost of design and manufacture of
edgewise bending equipment for inline use that minimizes or eliminates
horizontal vibration.
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MODELLING MECHANICAL PROPERTIES OF 2 X 4 AND 2 X 6 SOUTHERN PINE
LUMBER USING LONGITUDINAL VIBRATION AND VISUAL
CHARACTERISTICS
5.1

Abstract
Non-destructive techniques, visual evaluation and mechanical testing were used to

assess the structural properties of 1044 samples of southern pine lumber. Linear
regression models were constructed for 2 x 4 and 2 x 6 southern pine lumber using the
static bending modulus of elasticity (MOE) and modulus of rupture (MOR), both as
dependent variables from the destructive test. Non-destructive measurements, visual
characteristics, and lumber density were used as independent variables. Linear regression
models were constructed to indirectly estimate the MOE and MOR of southern pine
lumber. The variables selected were dynamic modulus of elasticity (dMOE) and density
to predict MOE. Adding knot diameter ratio to dMOE and density it was possible to
develop a prediction model for MOR. It was possible to improve predictability of
strength (MOR) with a combination of non-destructive and knot evaluation.
5.2

Introduction
Efficient utilization of the available wood supply is essential to meet the long-

term demand for products and to insure their economic viability. Improvement of the
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wood utilization for structural applications depends on the ability to understand, and to
predict accurately the mechanical behavior of wood products for sustainable uses.
Southern pine is the most important timber-producing tree species group in the
state of Mississippi and the southern United States as a whole. Loblolly pine naturally
grows primarily in the coastal plain region of the southern U.S. (Cunningham et al.,
2008). Because there are great variations in the inherent properties of various species,
grading is a necessary procedure to reduce the variability of each lumber class and
maximize the value of the limited wood resource.
Property variation in properties is common to all materials. Because wood is a
natural material that is subject to direct influences of environmental conditions, genetic
factors and growth variations the, knowledge of the mechanical properties of structural
lumber is essential for the proper and efficient use of the material (Panshin and DeZeuw,
1980).
According to Mackay (1989) the purpose of grading rules is to maintain a
minimum standard or measure of value among mills that manufacture the same or similar
material so that final products have a uniform quality. Visual grading and machine
grading are the two methods used by mills to classify lumber into different strength
classes. An efficient grading system allows lumber producers to best utilize the evaluable
wood sources in a consistent manner and meet the costumers’ requirements.
Visual grading of structural lumber is the oldest and most widely used method for
the prediction of mechanical properties. The measurement of the characteristics present in
the lumber pieces, such as: knot size, slope of grain, presence of pith, splits and checks
size, bark and resin pocket length define the different visual grades (Iniguez et al., 2007).
57

It is usually done by human operators, and the maximum potential yield is reduced by
human judgment errors.
Since the 1960’s, various technologies have been developed to improve the
grading process; however, the wood industry in the United States has been slow to adopt
the newer and efficient grading technology. An overwhelming majority of the structural
lumber produced in North America is still visually graded (U.S. Census Bureau, 2012).
Machine stress rated (MSR) and Machine E (MEL) are the two mechanical grading
systems available in the industry in North America.
Machine stress rated (MSR) uses a nondestructive mechanical bending machine to
evaluate modulus of elasticity (MOE) of lumber. The strength of lumber is predicted
based on pre-established empirical relationships between modulus of rupture (MOR) and
MOE. The accuracy of the machine evaluation is based on bending stiffness flatwise and
its quality control provides a prediction of its strength based on its modulus of elasticity
(MOE). MEL is based on a parameter, often density, nondestructively determined by
mechanical grading equipment. Its quality control is based on tension parallel to grain
tests as the way to predict strength.
In recent years automated visual grading machines have been incorporated into
sawmill producing lines to improve the grading quality and increase the yield of the
process. Sometimes it is possible to find these machines working in the same line with
mechanical grading machines such MSR and MEL.
Visual grading rules are based on lumber surface characteristics that can affect
strength. Knots can be readily identified in southern pine based on their color, size, and
geometry. Positioning of each knot in each piece varies thereby making the
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understanding of its effects on mechanical properties very subjective. ASTM D4761
(2012) standard classifies the knots into 10 different types. Each class of visual grading
system follows standard rules for size and position. Characterization of knots is
especially important because they are the most numerous and severe defect on southern
pine lumber.
Reduction in strength and stiffness associated with knots is often qualitatively
attributed to grain deviation in the wood immediately surrounding knots (Karsulovic et
al., 2000). The grain deviation associated with knots is often recognized as the most
significant factor in reduction of mechanical properties.
The volume of mechanically graded lumber has increased during the past few
decades (Galligan and McDonald, 2000; Kretschmann, 2010). In the early 2010’s, pine
design values changed but the visual characteristics remained constant. Thus there is a
current and pressing need of the lumber industry to continue to develop and adopt cost
effective NDT methods.
The main objectives of this paper are twofold: 1) investigate the effectiveness of
using longitudinal vibration method coupled with visual characteristics of lumber to
evaluate the modulus of elasticity of southern yellow pine 2x4 and 2x6 structural lumber;
and 2) build statistical models for predicting the bending modulus of elasticity and
modulus of rupture of southern pine lumber from a set of non-destructive variables from
growth characteristics and longitudinal vibration parameters.
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5.3

Materials and methods

5.3.1

Materials
A total of 1044 pieces of No. 2 southern pine lumber were obtained from retail

stores for this study. The material is a simulation of the regionally production weighted
United States southern pine in-grade program. The lumber was divided into two groups
according to the cross section dimensions: 542 pieces of 2×4 (38 × 89 mm2) and 502
pieces of 2×6 (38 × 140 mm2).
5.3.2

Visual characteristics
The lumber was stored in an open building until the visual characteristics were

measured and then moved to an indoor area with controlled environment (temperature:
22°C; relative humidity: 61%) prior to the testing. A hygrometer was used to verify the
conditioned indoor environment. To equalize the pieces’ moisture content, all the lumber
was stored indoors for about 90+ days or until non-destructive tests were completed.
The visual characteristics evaluated were ring width, percentage of latewood,
maximum diameter of the estimated strength reducer knot, knot diameter ratio (KDR),
and knot area ratio (KAR), listed in Table 5.1. Measurements of ring width (RW),
percentage of latewood (LW) were determined on both ends of the lumber pieces and an
average value for RW and LW was calculated for each piece.
Table 5.1
SYMBOL
RW
LW
KD
KDR
KAR

Visual characteristics evaluated
PARAMETER
Ring width
Percentage of latewood
Maximum diameter of the knot
Knot diameter ratio
Knot area ratio
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UNIT
mm
%
mm
%
%

Ring width was calculated by counting the number of the rings and dividing by
the thickness or the width depending on the type of the piece (radial or tangential).
Percentage of LW was determined using a one by one inch dot grid (Figure 5.1).
Percentage of latewood is the number of dots that matches latewood position on the grid
divided by the total number of dots. Both measurement techniques followed Southern
Pine Inspection Bureau (SPIB) standard grading rules.

Figure 5.1

Estimation of percentage of latewood method

Knot measurements were collected as a way to potentially improve the strength
prediction capability. The weakest section of the lumber piece inside the test span was
considered the strength reducer following ASTM D-245 (2011). By identifying the knot
type of the strength reducer, four measurements of the length of each knot were collected
(one on longitudinal axis and one on radial/tangential axis of the piece) on both sides of
each piece, and recorded following ASTM D-4761 (2005).
Maximum knot diameter (KD) adopted in this study was the largest diameter
measurement found for each knot. Knot Diameter Ratio (KDR) and Knot Area Ratio
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(KAR) were selected based on literature review and used as way to better understand the
relationship between knots and mechanical properties (Grant et al., 1984; Divós and
Tanaka, 1997; Divós and Sismándy-Kiss, 2010; Vega et al., 2011).
KDR is a knot measurement used for the evaluation of the effect of more than one
knot in the same region of the piece, also called cluster or combination knot (ASTM D4761 type 10 knot). It takes into account the effect of knots and their concentration by the
relation of the sum of knots diameter and the cross section perimeter (Figure 5.2). If two
or more knots exist in any 15 cm long section (Type 10 knot), they should be considered
as a cluster.

Figure 5.2

Knot diameter ratio (KDR) measurement

KDR is determined by calculating the sum of diameter of individual knot or a
cluster of knots and then dividing the diameter sum by the perimeter of the cross
section (Equation 5.1).
KDR =

(a+b+c)
perimeter
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(5.1)

Knot area ratio was calculated using the method of projecting the knot on to a
cross sectional plane. The KAR for each piece was calculated by dividing the total knot
area by the cross-sectional area of the specimen (Equation 5.2). If two or more knots exist
in any 15 cm long section (Type 10 knot), it is adopted the sum of the individual knots
KAR.
KAR =

5.3.3

knot area

(5.2)

cross section area

Non-destructive test and physical properties
Physical properties (density and moisture content), acoustic variables

(longitudinal vibration frequency, dynamic modulus of elasticity and logarithmic
decrement) were obtained for every piece. Density and NDT variables considered in the
study are listed in Table 5.2.
Table 5.2
Symbol
ρ
Flong
dMOElong
LD

Physical and NDT variables considered in the analysis
Definition

Density at 12% MC
Longitudinal vibration frequency
Dynamic modulus of elasticity
Logarithmic decrement

S.I unit
kg.m-3
Hz
MPa
-

For the longitudinal vibration test two steel sawhorses were positioned at ¼ and ¾
of the length to support an individual piece. A piece of foam was placed at the contact
area between sawhorse and piece to reduce the interference of sawhorse vibration. An
impact was applied at the end of the piece in the longitudinal direction according to
ASTM E1876 (2007). A microphone was used to capture the vibration signal from the
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same end of the piece. A computer equipped with the Fast Fourier Vibration Analyzer
software (Fakopp, 2005) was used to receive vibration signals and calculate the
longitudinal vibration frequency and the logarithmic decrement for each piece tested.
Dynamic modulus of elasticity of each piece was determined from the first
longitudinal vibration resonance frequency, length and density of each piece using
Equation 5.3.
EL = ρ. (L. f)2

(5.3)

Where EL = dynamic modulus of elasticity (MPa), ρ= density (kg.m-3), L = length
(m), f = first harmonic longitudinal vibration frequency (Hz).

The Logarithmic decrement (LD) was collected from in longitudinal direction.
LD is the parameter of the exponential covering curve over the senoidal wave curve
formed by the lumber vibration, given by Equation 5.4. The LD of every piece was
recorded in the data base.
LD = β. T

(5.4)

Where LD = Logarithmic decrement; β = is the parameter of the exponential
covering curve; T = period of time (s), inverse of the frequency (Hz).
5.3.4

Static bending test
Each piece was then destructively evaluated, in edgewise bending, by four point

static tests per ASTM D198-14 (ASTM, 2014) to obtain the static MOE and MOR
values. The test span was different for each cross section of piece to be tested. The
bending span to depth ratio (17:1) was selected to match prior in-grade testing (Green et
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al., 1989). Thus, the possible influence of length effect to the ultimate bending stress
value was not considered in the results from static bending tests.
Cross section measurements were collected in two locations on each side of each
piece. Thickness and width of each piece were calculated as the average of the two
measurements. Length was measured once on each piece. Weight was recorded using a
conventional calibrated scale.
5.3.5

Statistical analysis
MOE and MOR were expressed as multiple linear functions of non-destructive

properties and visual characteristics. Therefore, ordinary least square (OLS) regression
procedures were employed for fitting models to predict MOE and MOR using the nondestructive variables and visual characteristics. The system of two equations for
prediction of MOE (Equation 5.5) and MOR (Equation 5.6) is as follows:
MOE = 𝑓 (dMOE, LD, RW, LW, KT, KAR, KDR, ρ) + ε1

(5.5)

MOR = 𝑓 (dMOE, LD, RW, LW, KT, KAR, KDR, ρ) + ε2

(5.6)

Where ε1 and ε2 are error terms for Equations 5.5 and 5.6 respectively.
For each linear regression, a set of variables was identified. Predictor variables
were selected by statistical criteria (e.g., entry or removal criterion). In this study, the
significance level to enter and significance level to stay were set to 0.15 and 0.05,
respectively. Therefore, all variables in the remained regression models after stepwise
selections were found significant at the 0.05 level.
The models were evaluated based on the multiple coefficient of determination
(r2), the root mean square error, the mean absolute error and the error index of the
predictions, and bias. For each regression model, the normality of distribution of
65

residuals (observed-predicted), and multicollinearity were checked by using the ShapiroWilk test (Shapiro and Wilk, 1965). SAS (SAS Institute Inc., 2013) was used for all
statistical computations.
5.4
5.4.1

Results and discussion
Strength reducer identification
The knot or other defect between the testing span considered strength reducer was

identified. If a knot, diameter and position measurement were collected. The knot types
identified and measured in this study are listed in Figure 5.3. Knot types 5, 6 and 7 listed
in ASTM D-4761 (2005) were not found in the lumber specimens. Using the
measurements and applying regular triangle and rectangular trigonometry equations, it
was possible to estimate the KDR and KAR for each knot type on each piece.

Figure 5.3

5.4.2

Knot type description and measurements collected

Growth characteristics, NDT results, physical, and mechanical properties
The average moisture content of the pieces when tested was 11.4%. The average,

minimum, maximum and coefficient of variation for each growth characteristic, physical
and mechanical properties for 2x4 specimens are listed in Table 5.3. The average ring
width was 5.98 mm. The minimum was 1.56 mm and the maximum was 14.82 mm.
Percentage of latewood ranged between 18% and 79% with an average of 44%.
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Table 5.3

Basic properties of 2x4

Variables
Ring width
Latewood
Maximum knot diameter
Knot diameter ratio (KDR)
Knot diameter area (KAR)
Density (MC=12%)
Longitudinal frequency
Dynamic MOE (dMOE)
Logarithmic decrement
Modulus of elasticity (MOE)
Modulus of rupture (MOR)

Unit
mm
%
mm
%
%
kg.m-3
Hz
GPa
MPa
MPa

Average
5.98
43.95
28.1
26.40
28.20
548
642
11.73
33
11066
57.39

Min
1.56
18.75
0
0
0
406
310
3.95
10
3777
10.89

Max
14.82
78.91
127.0
96.88
94.05
774
1043
21.42
79
19141
121.35

CV
39.3%
27.6%
69.8%
80.2%
80.9%
11.1%
26.6%
25.5%
27.9%
24.9%
36.2%

The average KAR found for 2x4 was 28%. The minimum was zero and the
maximum was 94%. Grant et al.(1984) studying effects of knots and density on bending
strength of structural Pinus radiata timber, found KAR values varying between 1 and
81%. The average, minimum, maximum and coefficient of variation for each growth
characteristic, physical and mechanical properties for 2x6 are listed in Table 5.4.
Table 5.4

Basic properties of 2x6

Variables
Ring width
Latewood
Maximum knot diameter
Knot diameter ratio (KDR)
Knot diameter area (KAR)
Density (MC=12%)
Longitudinal frequency
Dynamic MOE (dMOE)
Logarithmic decrement
Modulus of elasticity (MOE)
Modulus of rupture (MOR)

Unit
mm
%
mm
%
%
kg.m-3
Hz
GPa
MPa
MPa
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Average
6.04
45.86
38.0
28.59
28.79
548
704
11.51
35
10705
48.41

Min
1.73
18.75
0
0
0
428
503
3.82
6
3650
7.70

Max
15.24
82.03
122.2
99.55
93.56
764
823
20.77
100
18270
99.25

CV
38.7%
24.4%
65.0%
81.2%
81.9%
10.8%
11.5%
25.1%
30.0%
22.2%
36.4%

5.4.3

Coefficient of determination
Table 5.5 shows the coefficient of determination between stiffness and other

properties for 2x4 and 2x6 southern pine lumber. All coefficient of correlation present
were significant (p<0.05). The most important correlations with modulus of elasticity for
both sizes were with dynamic MOE and its related longitudinal frequency. To a lesser
extent MOE was also correlated with density.
Table 5.5

Correlation coefficients between stiffness and strength with other properties

Coefficient of determination (R2)
Modulus of elasticity (MOE) Modulus of rupture (MOR)
Variable
2x4
2x6
2x4
2x6
Ring width
0.360
0.235
0.147
0.169
Latewood
0.334
0.304
0.220
0.252
Knot diameter
0.052
0.092
0.095
0.209
Knot diameter ratio
0.127
0.127
0.210
0.197
Knot area ratio
0.081
0.102
0.184
0.162
Density
0.461
0.496
0.347
0.355
Longitudinal frequency
0.674
0.627
0.224
0.241
Dynamic MOE
0.856
0.832
0.376
0.393
Logarithmic decrement
0.138
0.091
0.048
0.042
Ring width and percentage of latewood exhibited moderate prediction ability for
MOE and low capacity for MOR. Hanhijärvi et al (2005) studying RW and mechanical
properties of pine lumber found an r2 of 0.40 for MOE and 0.34 for MOR. RW and LW
exhibited multicollinearity with density. Wide and more frequent latewood rings adds
weight and resistance to the material.
Knot measurements (KD, KDR and KAR) were statistically significant but
showed low potential to predict MOE as already expected. Knots are local defects having
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a greater effect on MOR. The knot measurements used in this study are suitable but
overall KDR exhibited better performance for both cross section sizes predicting MOR.
Density showed potential prediction ability for stiffness. The results found
accords to Hanhijärvi et al. (2005) that found strong relationship between MOE and
density for structural size Picea abies and Pinus sylvestris timber. Density seemed to be
moderate predictor of strength if used independently.
Overall, density was better related to strength if compared to all three knot
measurements, but the values of the coefficients of determination were still moderate.
Divós and Sismándi-Kiss (2010) found similar capacity for density and CKDR on
strength prediction. Nocetti et al. (2010) studying chestnut structural timber found the
better relationship between MOR and knot measurement compared to density.
The regression analysis between bending strength and independent variables
shows that dynamic MOE was the best single predictor of lumber stiffness and strength
for both sizes included in the study, indicating a higher efficiency of vibration techniques
over visual grading as regard lumber strength prediction. Similar results were found out
in previous studies (Hanhijärvi and Ranta-Maunus, 2008; Divós and Sismándi-Kiss,
2010; Ravenshorst et al., 2004; Piter et al., 2004). Logarithmic decrement showed no
helpful effect on stiffness and strength like Divós and Sismándi-Kiss (2010) found
studying spruce, larch and pine structural lumber.
5.4.4

Models for MOE and MOR prediction
Several studies showed the benefit of combining different grading

parameters (Diebold et al. 2000, Denzler et al. 2005, Hanhijärvi and Ranta-Maunus
2008). Tables 5.6 and 5.7 show significant (P<0.05) coefficients of determination
69

between bending stiffness (Table 5.6) strength (Table 5.7) and prediction variables and
significant combinations.
Table 5.6

Regression model, coefficient of determination (r2), standard error of
estimate, and improvement of the linear regression with MOE for 2x4 and
2x6 combined

Modulus of elasticity (MOE)
KDR
Density
dMOE
dMOE + density
dMOE + density + KDR

r2
0.127
0.472
0.843
0.846
0.847

Standard error
(MPa)
2415.57
1878.23
1026.10
1011.56
1010.95

Improvement
22.24%
45.37%
1.42%
0.01%

As already discussed in this paper, density showed better knot measurements, and
dynamic MOE was the best choice as a single predictor. The coefficients of
determination of the MOE models showed better adjustment when using dynamic MOE
and density. A third independent variable (KDR) did not add significant improvement in
the model and it not included in the final model for MOE.
Table 5.7

Regression model, coefficient of determination (r2), standard error of
estimate, and improvement of the linear regression with MOR for 2x4 and
2x6 combined

Bending strength (MOR)
KDR
Density
dMOE
dMOE+ density
KDR+ density
dMOE + KDR
dMOE + density + KDR
dMOE + density + KDR + LW

r2
0.200
0.334
0.372
0.418
0.422
0.429
0.470
0.471
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Standard error
(MPa)
17.76
16.20
15.73
15.15
15.10
15.00
14.45
14.15

Improvement
8.78%
2.90%
3.69%
0.01%
0.01%
3.6%
0.01%

The prediction of lumber strength greatly improved when the three properties
(dynamic MOE, density and knots) were combined to predict the strength. In this
case, the coefficient of determination was selected as best, according to other
authors (Giudiceandrea, 2005; Bacher, 2008; Hanhijärv, Ranta-Maunus, 2008; Piter et al.,
2004).
The use of a fourth independent variable (LW) did not add prediction ability
because of its collinearity with density. Table 5.8 summaries regression models and
coefficient of determinations (r2) for strength prediction from other authors.
Table 5.8

Linear regression models and coefficient of determination (r2) for MOR
from other authors

Reference
Iniguez (2007)
Vega et al. (2012)

Species
Pinus radiata
Pinus sylvestris
Spanish Chestnut

Divós and Sismándi- Spruce, Larch and
Kiss (2010)
Pine
Nocetti et al. (2010) Structural Chestnut
Hanhijärvi et al.
Picea abies
(2005)
Pinus sylvestris
Diebold et al. (2000) Spruce
Pine
Larch
Douglas-fir

Model for MOR
dMOE + KDR
dMOE + maximum
diameter + length
dMOE + L.D. +
CKDR + density
dMOE
+
knot
parameter
dMOE + density +
KAR
dMOE + X-ray (knots
+
density
measurement)

Coefficient of
determination (r2)
0.68
0.34
0.68
0.18
0.65 - 0.77
0.66
0.72
0.53
0.61

Table 5.9 gives the results of the adjustment of the selected MOE and MOR
regression models. Models with independent variables whose addiction did not involve a
significant effect are not shown.
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Table 5.9

Linear regressions models with the largest coefficient of determination (R2)
and smallest error of estimate (u), for dependent variables MOE and MOR

MOE = β0 + β1·dMOE + u
β0
β1
U
1528.40
805.68
1026.10
MOR = β0 + β1·dMOE + β2·KDR + β3·density + u
β0
β1
β2
β3
U
-17.50
2.16
-0.22
0.09
14.45

r2
0.843

Durbin-Watson
2.000

r2
0.471

Durbin-Watson
1.819

Analysis of the residues allowed the normality and homoscedasticity in the MOE
(Figure 5.4) and MOR (Figure 5.5) models, as well as the absence of autocorrelation
according to the Durbin-Watson statistics.

(a)
Figure 5.4

(b)

Analysis of residue of linear regression model for the dependent variable
MOE: (a) normality of the residues; (b) heteroscedasticity of the residues
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(a)
Figure 5.5

5.5

(b)

Analysis of residue of linear regression model for the dependent variable
MOR: (a) normality of the residues; (b) heteroscedasticity of the residues

Conclusions
Between all variables analyzed in this study, longitudinal vibration, density, and

knot diameter ratio were the most significant variables for 2 x 4 and 2 x 6 southern pine
lumber. For MOE determination, the use of dMOE as an independent variables generated
the best single evaluation predictor, as evidenced by its coefficient of determination (R2)
value. This result is in the usual range in this type of study. The performance of the
vibration grading methods can be improved by including density measurements into the
model.
Dynamic MOE was also the best strength predictor as compared to density or
knot measurement evaluation. The combination of all three variables (dMOE, density and
KDR) explained a great portion of the variance of MOR. This finding suggests that
vibration-based is perhaps suitable for southern pine lumber grading. Compared to visual
grading, it may allow structural lumber to be upgraded to higher strength classes, more
reliably.
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The combination of mechanical and visual evaluation methods seems to be the
best method combination for pine lumber. This combination may improve the quality of
the lumber produced in southern US region.
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Table A.1

Coefficients of determination for 2x4

MOR
Length MOE
(m)
Density fflat dMOEflat fedge dMOEedge Density fflat dMOEflat fedge dMOEedge
2.4
0.301 0.716 0.897
0.762 0.945
0.386 0.130 0.311
0.156 0.368
3.1
0.475 0.728 0.878
0.731 0.924
0.345 0.252 0.386
0.245 0.403
3.7
0.504 0.613 0.826
0.671 0.867
0.298 0.262 0.407
0.325 0.458
4.3
0.542 0.616 0.774
0.681 0.852
0.402 0.206 0.364
0.228 0.406
4.9
0.560 0.564 0.841
0.555 0.832
0.396 0.187 0.397
0.192 0.388
Overall 0.476
0.857
0.891
0.349
0.381
0.412

Table A.2

Coefficients of determination for 2x6

MOE
MOR
Length
(m) Density fflat dMOEflat fedge dMOEedge Density fflat dMOEflat fedge dMOEedge
3.1
0.286 0.552 0.721 0.726 0.882
0.223 0.045 0.359 0.119 0.266
3.7
0.466 0.599 0.852 0.656 0.912
0.326 0.499 0.423 0.226 0.445
4.3
0.398 0.511 0.760 0.643 0.841
0.227 0.368 0.269 0.253 0.383
4.9
0.563 0.719 0.869 0.656 0.861
0.497 0.692 0.632 0.406 0.610
6.1
0.613 0.658 0.799 0.420 0.762
0.404 0.509 0.393 0.247 0.500
Overall 0.466
0.823
0.854
0.336
0.397
0.415

Table A.3

Coefficient of determination for 2x8
MOE

MOR

Length
(m)

Density

fflat

dMOEflat

fedge

3.7

0.500

0.619

0.834

0.554

0.861

4.3

0.321

0.624

0.778

0.701

4.9

0.407

0.666

0.806

0.711

Overall

0.413

0.797

dMOEedge Density

fflat

dMOEflat

fedge

dMOEedge

0.209

0.112

0.228

0.129

0.283

0.889

0.210

0.115

0.221

0.172

0.308

0.906

0.162

0.123

0.204

0.116

0.206

0.878

0.177
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0.201

0.268

Table A.4
Length
(m)
4.3
4.9
Overall

Coefficient of determination for 2x10

Density
0.415
0.417
0.412

MOE
MOR
fflat dMOEflat fedge dMOEedge Density fflat dMOEflat fedge dMOEedge
0.615 0.792 0.645 0.867 0.180 0.118 0.219 0.151 0.272
0.599 0.755 0.674 0.910 0.343 0.158 0.311 0.196 0.403
0.767
0.876 0.226
0.235
0.321
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